The objective of present study was to assess the safety and efficacy of nanocurcumin as an anti-inflammatory and antioxidant agent in adults with amyotrophic lateral sclerosis (ALS). We conducted a 12-month, double-blind, randomized, placebocontrolled trial at a neurological referral center in Iran. Eligible patients with a definite or probable ALS diagnosis were randomly assigned to receive either nanocurcumin (80 mg daily) or placebo in a 1:1 ratio. A computerized random number generator was used to prepare the randomization list. All patients and research investigators were blinded to treatment allocation. The primary outcome was survival, and event was defined to be death or mechanical ventilation dependency. Analysis was by intention-totreat and included all patients who received at least one dose of study drug. A total of 54 patients were randomized to receive either nanocurcumin (n = 27) or placebo (n = 27). After 12 months, events occurred in 1 patient (3.7%) in the nanocurcumin group and in 6 patients (22.2%) in the placebo group. Kaplan-Meier analysis revealed a significant difference between the study groups regarding their survival curves (p = 0.036). No significant between-group differences were observed for any other outcome measures. No serious adverse events or treatment-related deaths were detected. No patients withdrew as a result of drug adverse events. The results suggest that nanocurcumin is safe and might improve the probability of survival as an add-on treatment in patients with ALS, especially in those with existing bulbar symptoms. Future studies with larger sample sizes and of longer duration are needed to confirm these findings.
Introduction
Amyotrophic lateral sclerosis (ALS) is a highly progressive and lethal neurodegenerative disorder. It is also a motor neuron disease characterized by involvement of both upper and lower motor neurons [1] . Currently, the disease is considered incurable and the only approved treatment, riluzole, has a mild effect on survival time [2] .
Based on site of disease onset, patients are mainly categorized into Bspinal onset^or Bbulbar onset^groups. Bulbar symptoms, such as dysarthria and dysphagia, are reported to be the initial presentation of disease in 30% of patients [3] . The site of onset is a major prognostic factor for disease outcome; patients with bulbar-onset ALS are reported to have a worse prognosis than the others [4] . Moreover, emergence of bulbar symptoms worsens the prognosis in any patient diagnosed with ALS [5, 6] .
The exact etiology of ALS is unknown. However, current evidence suggests that oxidative stress, mitochondrial dysfunction, and neuroinflammation may be pathologically involved [7] . Previous studies have indicated that curcumin, the principal component of turmeric, might have a beneficial effect on neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease, and ALS, through its antiinflammatory and antioxidant properties [8] . Studies on the animal model of spinal and bulbar muscular atrophy (SBMA), another motor neuron disease commonly confused with ALS, demonstrated that administration of curcumin compounds to the mouse model of SBMA resulted in significant improvement of motor function and increased the survival time [9, 10] .
There is a vast need for randomized clinical trials to assess the beneficial effects of curcumin in human subjects with neurodegenerative disorders. We conducted a 12-month, doubleblind, randomized, placebo-controlled clinical trial to evaluate the potential of nanocurcumin as an add-on treatment in sporadic cases of ALS. To the best of our knowledge, this is the first clinical trial of nanocurcumin in patients with ALS.
Methods

Study Design and Patients
This was a pilot, 12-month, double-blind, randomized, placebo-controlled, parallel group trial of nanocurcumin as an addon treatment in patients with ALS. This study was conducted in a neurological referral center affiliated with the Tehran University of Medical Sciences.
Consecutive male and female patients with an age range of 18 to 85 years and definite or probable diagnosis of ALS (according to the revised version of El Escorial criteria) were assessed for eligibility. Patients with familial ALS or any firstdegree relatives with ALS; severe respiratory dysfunction (assisted ventilation > 8 h/day); ongoing pregnancy or breastfeeding; severe renal, liver, or heart dysfunction; and prominent cognitive impairment (e.g., dementia, major psychiatric disorders) were excluded from the study. The protocol of this study was approved by the ethical committee of Tehran University of Medical Sciences, and all patients provided signed informed consent before inclusion in the study. This trial was registered in the Iranian Registry of Clinical Trials (IRCT2015062411424N3).
Intervention
To improve the oral bioavailability of curcumin, we used SinaCurcumin oral capsules (Exir Nano, Tehran, Iran) in this study. SinaCurcumin is a registered product from curcuminoids in Iran (IRC: 1228225765). Curcuminoids are dietary polyphenols extracted from the dried rhizomes of Curcuma l o n g a L . ( t u r m e r i c ) a n d c o m p r i s e c u r c u m i n , desmethoxycurcumin, and bisdemethoxycurcumin, which are together known as the C3 complex. Each soft gelatin capsule of SinaCurcumin contains 80 mg curcuminoids as nanomicelles.
The encapsulation efficiency of curcuminoids in nanomicelles is almost 100%. The mean diameter of nanomicelles is around 10 nm, according to dynamic light scattering. The curcuminoid content and size distribution of nanomicelles remains constant for at least 24 months. The oral absorption of SinaCurcumin is at least 50 times more than the conventional powder of curcumin in mice [11] .
Randomization and Blinding
Eligible patients were randomly assigned in a 1:1 ratio to receive either oral-capsule nanocurcumin 80 mg (SinaCurcumin) daily, or placebo. A computerized random number generator was used to prepare the randomization list in 2 groups. All patients and research investigators were blinded to treatment allocation. Placebo capsules were provided by the same company as nanocurcumin and were perfectly matched in size, shape, odor, and color.
Procedures
After taking a detailed medical history and thorough clinical examination, patients who fulfilled the revised El Escorial World Federation of Neurology criteria for probable or definite ALS diagnosis were included for further electrodiagnostic and laboratory evaluations (creatine phosphokinase, complete blood count, liver enzymes, and blood urea and creatinine) to confirm the diagnosis and eligibility. Patients with normal renal and liver function tests (LFTs) were considered eligible to receive the treatment. All patients received 50 mg riluzole twice daily during the study. Antacid was prescribed for all patients to avoid the gastrointestinal side effects of curcumin. Lung function tests were requested for patients with respiratory complaints, and any indication for mechanical ventilation resulted in exclusion from the study.
Scores for the ALS Assessment Questionnaire-40, revised ALS Functional Rating Scale (ALSFRS-R), and manual muscle testing (MMT) were calculated for all patients at baseline and the end of study according to their scoring systems [12] [13] [14] [15] . Nerve conduction velocity studies were performed by an expert neurologist (A.T.) at baseline and the study endpoint. In addition to follow-up visits, all patients were contacted at least every 3 months after randomization to monitor adverse drug effects, appearance of new symptoms, and survival status (even in patients who discontinued the treatment). We lost our contact with 2 patients in the active drug group (at months 4 and 9) and 3 patients in the placebo group (at months 6, 9, and 10). LFTs were requested 3 months after drug initiation and after the appearance of any possible drug adverse effects (AEs).
Outcome Measures
The primary outcomes were safety and survival, and event was defined to be death or mechanical ventilation dependency. Secondary outcomes were the rate of decline in functional assessments [ALSFRS-R score, MMT score, and compound muscle action potential (CMAP) amplitude] and percentage of change in disease progression rate.
Statistical Analysis
SPSS version 23.0 (IBM, Armonk, NY, USA) and GraphPad Prism 6.0 (GraphPad Inc., La Jolla, CA, USA) were used for the data analysis. Survival curves were obtained for each group and compared with log-rank statistics. The hazard ratio (HR) for the treatment group was calculated by Cox regression, and age, duration of disease, baseline ALSFRS-R score, and baseline progression rate were defined as the covariates. All participants who received at least 1 dose of assigned treatment were included in the survival analysis. Secondary outcomes were analyzed in the intention-to-treat population. Change from baseline ALSFRS-R score, MMT score, progression rate, and CMAP amplitudes of the median, ulnar, tibial, and common peroneal nerves were assessed with general linear models. Disease progression rates were calculated at baseline ( 48−ALSFRS Disease duration month ð Þ ) and study endpoint ( Last ALSFRS−baseline ALSFRS Disease duration at endpoint ). According to the acquired values for disease progression rate at baseline, patients were defined to have slow (< 0.5), intermediate (0.5-1.0), and fast (> 1.0) progressive disease [16] . The baseline demographic and clinical features of the patients in each group were compared using the χ 2 test and Student's t test.
Results
From June 2015 to March 2016, 54 patients were randomized to receive either nanocurcumin (n = 27) or placebo (n = 27) (Fig. 1) . All participants had received at least 1 dose of the allocated drug and were therefore included in the survival analyses. The median (interquartile range) duration of drug intake in patients who discontinued the study was 5.5 (3-6) months. The baseline characteristics of the patients are shown in Table 1 . Except for age and MMT, demographic and clinical characteristics of the both groups were perfectly matched at baseline. During the follow-up period, 7 events (5 deaths, 1 mechanical ventilation dependency in the placebo group, 1 mechanical ventilation dependency in the nanocurcumin group) occurred. All patients who experienced the event had bulbar symptoms at the baseline visit (Appendix S1). KaplanMeier analysis revealed a significant difference between the study groups regarding their survival curves [p = 0.036, HR = 0.20, 95% confidence interval (CI) 0.05-0.90] (Fig. 2) . Further survival analysis was done following stratification by site of disease onset, presence of bulbar symptoms at baseline, severity of the disease, and progression rate ( Table 2) .
Cox regression analysis with adjustment for prognostic factors (age, duration of disease, first ALSFRS-R, and progression rate) was conducted to calculate the HRs. The difference in survival between groups was not significant after stratification by site of disease onset (HR = 0.049; 95% CI 0.002-1.034; p = 0.053); however, after stratification according to the presence of bulbar symptoms at baseline, it reached significance (HR = 0.031; 95% CI 0.003-0.380; p = 0.007).
The last mean (SE) ALSFRS-R score after adjustment for the baseline value was 31.12 (1.16) in the nanocurcumin group and 29.54 (1.13) in the placebo group (p = 0.371). The rate of deterioration in ALSFRS-R did not differ significantly between the treatment groups (p = 0.297) ( Table 3 ). The mean (SE) progression rate during the follow-up period (adjusted for the baseline value) was 0.284 (0.123) in the nanocurcumin group and 0.380 (0.121) in the placebo group (p = 0.589).
Total MMT scores did not differ statistically between the treatment groups at month 12 (p = 0. 470). We also calculated the upper and lower limbs scores, which indicated no significant difference between the 2 groups (p > 0.05) ( Table S1 ). The mean decline in MMT scores in each group is shown in Table 3 .
The mean rates of decline in CMAP amplitudes of the median, ulnar, tibial, and common peroneal nerves were calculated and compared among the patients of each group, which indicated no significant difference between them (p > 0.05) ( Table 3) .
When the baseline characteristics of the patients with and without bulbar symptoms at baseline visit were compared, no significant differences in age, sex, body mass index, duration of disease, and MMT scores of the patients were found (data not shown). However, the ALS Assessment Questionnaire-40 score was significantly higher and ALSFRS-R score significantly lower among patients with bulbar symptoms at baseline visit (Table S2) . Moreover, the baseline disease progression rate was statistically higher in these patients (Table S2) .
No serious AE or treatment-related death was recorded during the follow-up period. The only reported AEs were itching (1 patient in the nanocurcumin group), increased muscle fasciculation (1 patient in the nanocurcumin group), and a mild increase in LFTs (2 patients in the placebo group and 1 in the nanocurcumin group). None of these adverse events was the cause of withdrawal.
Discussion
The results of this double-blind, placebo-controlled trial indicated that nanocurcumin significantly improved the survival probability of patients with ALS over the 12-month period of this study. Other outcome measures, including the ALSFRS-R score, muscle strength, and CMAP amplitude decrements did not significantly differ between the nanocurcumin and placebo groups.
Although previous studies have reported that curcumin is a neuroprotective agent and might improve motor function [10, 17] , we did not find any significant impact of nanocurcumin on functional measures. One reason for this finding could be the relatively progressed disease in most of the included patients. Perhaps if treatment was initiated at the very first stage of the disease it could be more efficient. The short duration of therapy and dose-related efficacy of curcumin are other potential reasons for the nonsignificant influence of nanocurcumin on patients' functional scores. Moreover, we guess that nanocurcumin efficiency is mostly related to its beneficial effects on bulbar symptoms. Unfortunately, ALSFRS total score is not the best choice for evaluating bulbar function in patients with ALS, and more sensitive tools are needed [18] .
Bulbar symptoms are not the exclusive feature of bulbaronset disease and most patients with other types of ALS eventually experience these symptoms too [19, 20] . Bulbar symptoms have a significantly negative impact on patients' quality of life and increase the risk of aspiration and malnutrition and therefore lead to the reduced probability of survival among those affected [5] . In this study, bulbar-onset ALS was documented only in 8 patients (14.8%), which is less frequent than previous reports from other epidemiological studies [21] . Bulbar symptoms were detected in 47.8% of patients with spinal-onset disease and 55.6% of all included patients. We found that disease progression is quicker among patients who had bulbar symptoms at the baseline visit and these patients are also less functional than those without these symptoms. Moreover, in all patients who experienced the event, bulbar symptoms were noted at baseline. All of these findings point to the poor prognosis of the disease in patients with bulbar symptoms. Here, we demonstrated that the survival rate was significantly higher in the group of patients with bulbar symptoms at baseline who had received nanocurcumin. Because no event had occurred in the group of patients without bulbar symptoms, we could not evaluate the efficacy of this treatment among them. The probability of survival was also higher in recipients of nanocurcumin who had spinal-onset ALS.
Evidence from pathological studies points to the critical role of oxidative stress in the development and progression of the neurodegenerative process in ALS [22] . It has been shown that treatment with antioxidants such as vitamin E and co-enzyme Q10 could slow disease progression in animal models of ALS [23, 24] . However, clinical trials did not prove the significant therapeutic effects of these antioxidants in human patients [22, 25, 26] . Perhaps the low concentration of these agents in the cerebrospinal fluid and plasma of human subjects could be a reason for this nonsignificant result [27] .
Curcumin is a powerful scavenger of reactive oxygen species, and it also enhances the endogenous antioxidant response [28] . It has also been demonstrated that curcumin might be able to initiate mitophagy in cells with damaged and swollen mitochondria [29] . All these features make curcumin an excellent antioxidant that is even more potent than vitamin E [30, 31] . However, the low bioavailability of curcumin might limit its health benefit [32] . This problem can be solved by using more soluble forms of this agent, such as nanocurcumin, which is also more potent.
Protein aggregation is a characteristic finding in many neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease, and ALS [33] . Animal studies have suggested that curcumin can cross the blood-brain barrier and modulate aggregation of misfolded proteins such as β-amyloid, tau, α-synuclein, and prion [8] . It is believed that protein aggregation is a consequence of existing oxidative stress in ALS [34] . Neural TAR DNA binding protein 43 inclusions and superoxide dismutase 1 aggregation are common proteinopathies among patients with ALS [35, 36] . It has been shown that curcumin protects neural cells from toxicity induced by mutant TAR DNA binding protein 43 and reduces its fragments and enhances the antioxidant ability of it [37, 38] . Likewise, protein aggregation and oxidative damage were suppressed secondary to antioxidant modulation of curcumin in SBMA [10] . No AEs were reported in the patients of the present trial. This finding highlights the safety and tolerability of nanocurcumin in human subjects. In line with the present study, many other published clinical trials have reported that curcumin is a safe and efficient treatment in a variety of inflammatory and noninflammatory disorders [39] . However, curcumin may cause abdominal pain in some patients, which may result in discontinuation of the treatment [40] . To avoid abdominal discomfort, we prescribed antacids for all patients included in this trial, which we believe is a reason for the absence of AEs in this study.
Here, we studied patients with a wide range of disease durations and disabilities, which is a strength of this study. A relatively comprehensive evaluation of the included patients is another strength of the present study. However, some major limitations should be noted. The small sample size is the first and the most important limitation of this study. Also, despite randomization, patients in the placebo group were a little older than those in the treatment group. As age is an important prognostic factor for ALS survival, we tried to reduce the risk of bias and improve the power of this study by applying age adjustment for all outcome analyses. The high rate of loss to follow-up is another limitation of the study. The high dropout rate is a significant issue in ALS clinical trials, especially those with longer follow-up periods. Similar to the present trial, many previous studies reported that difficulty attending the clinic owing to severe disabilities or long distances, as well as lack of interest in continuing the trial, are the major causes of loss to follow-up [41] [42] [43] . We tried to minimize the dropout rate by following our patients via regular telephone calls; however, this does not fully protect our study from a biased result. Finally, owing to the short duration of the follow-up period, we could not assess the long-term efficacy of nanocurcumin in our patients.
Taken together, the above findings suggest that nanocurcumin is safe and might be an effective add-on treatment in patients with ALS. It might improve the probability of survival, especially in patients with existing bulbar symptoms who were shown to have a poorer disease prognosis. However, owing to the small sample size and high dropout rate, future trials with larger sample sizes and longer durations of follow-up are needed to confirm the results. Monitoring disease progression and bulbar symptoms in patients who receive nanocurcumin at the earliest stage of the disease might better reveal the therapeutic potential of nanocurcumin. 
